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ABSTRACT

Three compact reactor concepts are now
un:der consideration by the U.S. Space Nuclear
Pover Program (the $P=100 Progrwm) as candi-
date- for the C[first 100-kWe-c. 55 space re-
actor. Each of these reactor designa puts
unique constraints and requirements on the
fuela system, and rnises issues of fuei ays~
tems feasibility and perfvemance. This paper
presents a hriel overview of the fuel require-
ments tor the proposcd ypace r-actor designs, a
delineation oi the tecanical feasibility issues
that each roises, and a description of the fuel
systems development and testing program that
has been established to address key technical
issues,

MISSION POWER REQUIREMENTS

A set of preliminary design goals for the
SP-100 system have been defined (1). The most
notable of these are that the power system must
produce at least 100 kWe of power, that it have
A maty of less than 3000 kg, and that it must
tit into one=-third of the space nhuttle bay.
The specification of a 100=-"We pow:r output to
the payload is baned on the requirecmerts of a
number of potential civilian and militury mis-
sions  Anong Lhese ave communications and wur-
veillance satellites, space-hased radar sys-
tems, spate stdation support, and manufa-turing
in space. The weight and volume constraints
arise because, as indicated, the space shuttle
will be used to carry the SP=-100 system into
low earth orbit from which it will be bcosted
1nto space with an auxiliary rocket system. To
acer ylish this, the SP=100 system must fit,
along with its associated hardware and rocket
hoost system, Into the cargo bay ol Lhe Bpace
shuttle, and be of such weight that {t can be
accommodated by the shuttle propulsion system,
An additional requirement, although not tor-
mally specified, Iy the desire to launch o fly-

able reavtor wystem in the carly 19908,  Thiw,

ot vourse, imposen a definite limitation on the
Yime available for assessment and develupment
of  candidate  re ctor  aml  power convorsion
technologies.

CANDIDATE REACTOR SYSTEMS

During 1983, the SP=100 project manage-
ment, with the amsistance of technical experts
from industry and government laboratories, con=
sidered a wide range of potential reactor con-
cepts to meet the SP-100 system requirements
(2). In all, several dozen combinations of
reactors, heat transport technologies, and con-
version systems were considered. From among
these, the field has now been narrowed to three
that appear to be best suited to meet the
SP-100 operating requirements.

1. A low tempersture reactor utilizing a
modest extension of liquid-metal fast
breeder technology coupled to an ad-
vanced free=piston Stirling conver-
sion system. This reactor, which would
operate in the 900-1100 K range, fea-
tures U0, or UN fuel clad in stainless
sieel oz Nb=12r. The primary heat
transporc system would use pumped
liquid Na or Li as a coolant.

2. A pumped liquid-Li-cooled, pin type
reactor designed to operate at about
1500 K coupled t¢ an advanced thermo-
electric converter. This system would
incorporate U0, or UN fuel clad 1in
Nb=1Zr-0.1C, M&=13Re, or W25 Re. A
Ta=based alloy (ASTAR B811C) is also
under cvonsideration ar a cladding
materiai in this saystem.

3. A high temperature (~1700 K), UO,-fueled
reactor featuring an .n=care tharmiouic
conversion syatem with a puaped NaK pri-
mary coolant loop. At present, the
thermionic conversion aystem utilizes
a Wemitter and a Nb collector.

These three candidate rcuctor systems will
command the focus of the remainder of the tech-
nology ass ssment and advancement phase of the
SP=100 Program with the {ntent to narrow this
group to the most reasible single concept tor
further development in the subsequent ground
engineering systems tesl activities scheduled
Lo hegin in mid 1945,



FUELS SYSTEMS PERFORMANCE REQUIREMENTS

As detailed above, three candidate reactor
systems have Dbeen defined  to meet the func-
tional requirements of the SP-100 Program.
These requivements camn be best met by a com=
puct, high-temperature fast reactor system
coupied to an advanced static or dynamic elec-
trical conversion svstem. Trum this defini-
tion, a serics of generic fucls systems perfor=
mance reqguicements have been identified, and a
technology assessment and advancement effort
laus been  initiated to  supplement existing
knowiedge vegarding the 1likelihood that tie
proposed fuels systems can meet such require-
ments. For the three reactors under consider-
ation, two major technical feasibility issuea
have bheen identified (1). Theae are: fuel
swelling nd fission prodnct behavior during
trradi tion and fuel-cladaing-coolant compali=
hility at operating temperatures. Taese is-
sues, by definitiun, are considered to be po-
tential "show stoppers" crucial Lo the basic
functioning of the reactor core.

Fuel Swelling and Fission Product Behavior

During the burnup of the fuel in reactor
operation, the fuel stoichiometry is contin-
uously changing and fission products are being
formed.  Depending on the fuel fission rate,
and fucl temperature and thermal gradient, in-
soluble fission products can migrate from the
points of formation in the fuel atomic lattice
to volds and grain boundaries where they accu-
mulite and form gas bubbles. This nucleation
and coalescence of fission products in Lhe in-
terstices of the fuel, esults ir volumetric
swelling, and, ultimat:ly, cracking of the fuel
catl occur releasing fission products to the ex-
ternal surfaces of the fuel. Fuel swelling and
fission gas pressure, exerting unacceptable
stresses on the cladding matcrial, represents
one of the major life-limiting factors in f L
reactor systems.

At the lower temperature range of interest
to the SP=-100 Program (<1500 K), some data on
U0, and UN swelling and fission product be-
huélur cxists (3). However, all of these data
are from relativel * low burnup (<3%) irradia-
tions conducted in a thermal reactor. The lack
af both data and a mechanistic understanding of
U, and UN reactor=tuels behavior, urder the
splicitic operating conditions envisioned for
the mid= and high=temperature §P-100 reactors
(long lifetimes, high burnups and high temper-
alures  in o tast neutron flux), is a mujor
Leagibility issue that is now being addressed
in  the uels  developmenl and  arradiation
Lest program,

Fuely System Compatibility

Another major _ochnical frwue of concern
Lo the SP=100 Progrum is 'o ascertain that the

tuel, the refractory metal cladding surrounding
the fuerl, and the primary coolant (an alkali
metal) are sufficiently compatible with one
another .o assure high temperature operating
reliability during reactor lifetime. A major
problem here is the potential for creep rupture
of the cladding, allowing the fuel and ccolant
to come iunto contact. The consequences or such
contact varies in severity depeuding un wne
magnitude of the rupture (a pin hole vs a [arge
rupture of the cladding), the coolant composi-
tion (Li, Na, or NaK), the fuel composition
(U0, or UN), and the tcmperature of the fuel-
coolant interface. An isolated, wonpropagiative
incident of ruel=coolant interaction may he ac-
ceptable, but a propagation of loss of cladding
integrity due to chemical or physical incompat-
ibilities between the coolant, cladding, and
fuel is clearly detrimental to the reactor sys-
tem, particularly with respect to design lile-
time,

Cladding degradation can occur by several
distinct mechanisms. First, fuel constituents
or fission products, or, alteroatively, impuri-
ties in the coolant system, could chemically
interact. with the c(ladding material Lo change
its compositicn, and, hence, alter 1ts effec-
tiveness as a barrier material. In uddition,
fuel or coolant components can migrate into the
interatices of the cladding structure and accu-
mulate at grain boundaries or voids, thus po-
teutially altering, in n detrimental wannper,
the mechanical properties of the cladding mate-
rial. Also, at the higher operating tempera-
tures envisioned for the proposed SP-100 ve-
actors, the possibility exists that products or
components from the fuel or cooling system can
migrate rapidly enough thrugh the cladding
material to cause unwented changes to the re-
actor system even with a relatively intact
cladding structure. Finally, the effecta of
prolonged irradiation on the properties of the
cladding materials nced to be considered. Ir-
radiation induced changes to the structure of
the c¢ladding that would tend to reduce its
creep strength or ductility could also be life
threatening to the reactor systenm.

This whole ueries of potential fuel-
cladding=coolant interactions is another area
where there is a paucity of data or under-
standing for the waterials involved under the
severe vcperating conditions of the candidate
SP-100 reactor systecmn. This also is a tech-
nical feasibtlity irsuc that 1is Leing focused
on wilhin the first phase of the S$P-100 Pro-
gram.

Ubviously, not all of the trchnical imsucs
identified above uyply to all three of the re-
actor systemd under consideration. In fact,
although a large engineering development ef-
tort will be required, therc are few feasibil-
ity questions about the Fuel (beyond those
which already exist for liquid-metal breeder



reactors) for the low temperature reactor-Stir-
ling engine option (1). The major technical
challenge with this option is the development
wF the advanced Stirling conversion system it-

s thie cave of the 1500 K liquid-metal-
cooiel  reactor/thermoelectric  option, funl
swolling 1s o function or lwrnup, temperature,
fuel thermal gradient, and fuel stoichiometry
is un area of technical uncertainty that needs
o he addressed (1), Also of concern here are
the issues of Lhe chemical and physical compat-
ibilities of the fuel-refractory metal
vladding-alkali metasl coolant system, ond the
effects of fast-flux radiation on the mechan-
ical properties ot the cladding material,
Ihese are areas where very few data exist, and
which are being addressed by SP=100 scientists
and engineers.

Finally, the fuel wsystem in the high-
temperature (ln-core thermionics) reactor op-
tion also presents some major technical uncer-
tainties of concern to the S8P-100 Program
t1,4y,  These involve fuel swelling rates and
mechanisms, and  subsequent swelling of the
emitter system, and the physical and wechanica)
stability of the insulator materials over the
reaclor l.fetime in the severe temperature and
radiation environment inherent to this system.

THE SP-100 FUELS SYSTEMS
DEVELUPMENT AND TESTING PROGRAM

To address the technical uncertainties de-
fines in the previous section, a program of
tuels and cladding davelopment and irradiation
testing has been started to provide the ad-
voicees  in materials technology necessary for
the timely Jdevelopment of the proposed SP-100
reactor system (4).  This program is composed
ot foar distinct phasces

o Fuela el Materials Synthesis and Fabri-
vation

2. ONut=ot=Reactor Matevials Testing
3. Materials Compaiibility Testing
4.  In=Reactor Fuels and Materials Test.ng

Work un the first three phases of the pro-
graw is currently underway, and planning ls ue
an advanced stage tu hegin phase four. As now
envisioned, phases one Lhrough three will con-
tinue until about mid 1985, Phase four will be
started in late 1984 aud coutinue through 1985,
These initial activities, however, are Bcoping
in nature and are timed to address some of the
major [eanibility questions by mid 1985 to sup-
prort the final selection ot o single concept
tor further engincering development, More
detailed work, to provide neccsmary advauces
in fuely systems technology and to develop a

fuels and materials irradiation data base,
will be slLarted at the beginning of the ground
engineering phase of the SP-100 Program in
late 1985,

Fuels and Materials Synthesis and Fabrication

Throughout this program, samples of the
fuels and refractory alloys specified for the
SP=100 reactor systems will he needed for d:ta
base developmeniL. fabrication development and
properties testing, and for prototype reactor
development. To avoid coatly errors in judg-
ment and progcammitic delays, these must be
materials with weil chaiaclerizrd compositions,
structures, and properties. With Lhe exception
of UO,, none uf the tuels systems component
materf%l- are readily available at the moment.
The purpose of this tirst phase of the fuels
program is to provide at the onsct a supply of
well characterized reactor fuels and refractory
alloy cladding materials with known properties
and compositions for both in- and out-of-re-
aclor testing, and to develop the technology
for reproducibly synthesizing these materials
and fabricating them into component .assemblivs.

In this effort, UV, and UN fuel are being
synthesized, characteriZed, and fabricated into
prototypic forms. Fuels of varving stoichiome-
tries, densities, porosities, and physical
forms will be made (5). Although these activi-
ties for U0, appear to be reascaably straight-
forward, UN, of the desired characteristics for
use In SP-100 work, has not been made for over
10 ygars, and, consequently, much developmental
work must initially be donc.

Likewise, a considerable effort is under-
way to assess the adequecy of the refractoiy
alloy candidates for the proposed SP-100 re-
actors. These alloys systems (Mo, Ta, Nb, and
W based alloya, for the most part) were chosen
because of a perceived beneficial combination
of physical, mechanical, and chemical proper-
ties. However, the data bame nn the behavior
of these alloy systems under cuovirowmeotal
conditions simulating those in a SP-100 re-
actor is extremely thin. In some instances,
no data exist at all. To complicate matters,
none of the alloys of interest are available
on a regular commercial basis. Theretvre, a
second crucial component of the current SP=-100
fuels develupment and testing effort is to pre-
pare developmental quantities of the refraclory
alloys of interest, to thuroughly characterize
their compositions and structures, and to de-
velop and refine the technology to fabricate
and jJoin these alloys intn the component geome-
tries neceasary for further testing.

Out=of-Reactor Materials Testing

The ultimate test for the fuels and
cladding materinls {dentified for the SP-100
reactors I8 to perform {n=reactor simulated



life testing with actual prototype component
configurations. This is, of course, the most
certain method of assessing the functional in-
tegrity of the varioua fuels and materials com-
binations of interest under the extreme envi-
ronmental conditions that they will be sub-
jected to in actual use. Such in-reactor
testing, is, however, extremely expensive and
time consuming. Therefore, work is being con-
ducted oa a number of out-of-reactor screening
tests ; ‘lor to embarking cn an in-reactor test.

The focus of this work will be op accumu-
lating necessary data on the physical and mech-
anical properties of the refractory alloys of
iaoterest to help narrow the many f{uels and
cladding combinations to those most feasible
for each of the proposed reactor designs. An
important consideration here is to assure that
the materials chosen can withstand the mechan-
ical loadings experieaced duiing shuttle launch
and orbital boont.

Among the physical properties of interest
are alloy density, phase relationships, thermal
conductivity, thermal expansion and emissivity,
and the effects of thermal aging on alloy pro-
perties. The mechanical properties of most iw-
portance for the refractory alloys include the
low temperature fracture toughness and ductile-
brittle transition, and high temperature creep
strength and fatigue. Both static and dynamic
mcechanical tests will be conducted, with the
high temperature measurements carried out in
vacuum to reduce the potential for alloy oxi-
dation. Deformation and fracture mechanismu
will be studied in detail where an under-
stanling of such is deemed essential for eff-c-
tive materials use or selection. In addition
Lo the parent materials, welded or joined spec-
imens will also be (ncluded (n the mechanicsl
testing program. The effects of irradiation on
the physical and mechanical properties of the
most promising refractory alloy candidates will
be ecxamined in subsequent in-reactor tests.

Materials Compatibility Testing

As discussad curlier, ansuring the ccrpat-
ibilitv of the various fuels systems components
\fuel, cladding, and coolant) for long time
periods under the adverse thermal, mechanical,
and radiation environmen.s of the SP-100 re-
actor (s one of the most important feasibility
isdues Jacing reactor develoners., These re-
actors represent an extremely dynamic operating
environment under which the limits of materials
Integrity will be pushed, and where there ia
ample encrgy available to mobilize materials
components  and  reaction products il a asuffi-
cient thermodynamic driving force exists, The
long term cvonsequencey of the chemlcal inter-
actiona resulting in Lhe fuels system enaviron-
ment mit be well understood Lo assure program
SUCCCOHA,

The research here is directed at demon-
strating the stability and compatibility of
the fuel-cladding-coolent combinations of in-
terest. Thermodynamic studies are being con-
ducted to resolve the apparent counflicts in the
published thermochemical data for hypostcichio-
metric UO,. Resolution of this issue is neces-
sary both"to understand and to predict the high
temperature comwpatibility of UO, with cefruc-
tory. alloy cladding materials” In related
work, thermochemical studies are underway to
determire the rates of oxygen or nitrogen dif-
fusion from the UQ, or UN fuel through the
cladding material a&d into the heat transport
fluid (Li). Also, thc alkali me.sl corroelon
resistance of the cladding alloys in the pres-
ence of UN or UD, is being ipvestigated under a
range of conditfﬂns. This information is nec-
essary to understand the consequences of
cladding hreaches in the SP-100 fuel systenm.

The major product from these efforts will
be a thermochemical model or models that will
predict the chemical behavior of the fuels sys-
tem components as a function of time, tempera-
ture, and compositiom which can be used to
guide both the in-reactor tests and the further
specification of materials in the reactor sys-
tems.

In-Reactor Fuels and Materials Testingz

The centerpiece of the SP~100 fuels system
development and testing activities over the
next several years will be a comprehensive
series of in-reactor tests dcsigned to provide
necessary data on fuel swelling and fission
gas release, fuel-cladding mechanical inter-
actions, fuel-cladding-coolant chemical compat-
ibility, and irradiation effects on refractory
alloy materials. An additional, longer term
reason for conducting in-reactor tests is to
develop a fuels systems performance data bise
with prototype fuel forms irradiated in a fast
neutron environment.

The first in-reactor tests in the program
are scheduled to begin in late 1984, These
initia]l tests are of short durulion and are
designed to provide scoping information to sup-
port the down aelection to a single SP-100
system concept Ln mid 1985. The goa! of this
in-pile teacing i# to provide preliminary dats
on the swelling behavior of UN and UO,, and on
the comnpatibility ol leradiated [uel-aladdlngﬂ
coolant combinai.ions at several temperatures
and fuel burnups. In addition, these early
reactor teats will provide an assessment of
the eftects of drradiation on the physical
and mechanical properties of selected refrac-
tory metal alloys.

A technical plan is pow Leing completed
for the initia: irvadiation tests. These tents
will be conducted in EBR-1[ under accelerated
conditions utilizing a test capsule of proven



design (Figure 1). As illustrated in the
figure, the test capsules have provision far
containing prototypic fuel pins surrounded by
Li in a configuration simulating an SP-100 re-
actor envircenment. The final! conditions and
variables for these initial in-reactor tests
are yet to be daveloped, but current thinking
includes the parameters iisted ia Figure 2.

Assuming that the initiil test matrix is
inserted into the reactor in late 1984, the
first low burnup vcapzules should he availahle

for examinative u 2acly 1985, The remaining
capsules, inciuding some replacement inserts,
will be retrieved I[rom the reactor throughout
the remainder of 1985.

Post-irradiation exumination of the fuels
and materials included in the in-reactor tests
will include both nondestructive and destruc-
tive chemical and physical examinations de-
signed to elucidate the important ‘structures
and properties of the irradiated samples.

SUMMARY

Three conceptually different compact fast
reactor desirns for 100-kWe space reactor sys-
tems are being assessed to determine the most
feasible for further dcvelopment into a fully
flyable unit in the early 1990's. The major
technical uncertainties associated with the
fuels systems of these cand'date reactors re
tuel swelling and fission product behavior du-
ring irradiation and fuel-cladding-coolant
compatibility. A fuels system development and
testing program has been started to address
these technical uncertainties, and to provide
the necessary scientific support to the current
technical assessment and advancement phase of
the SP-100 Program.
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